Aerosol column optical depth (AOD) is related to the aerosol direct radiative effect and readily available as a satellite product. The mass of dry aerosol up to 2.5 μm aerodynamic, or PM2.5, is a common measure of surface aerosol pollution at selected regional sites. A link between these two parameters would provide a way to infer PM 2.5 and its change over extensive regions observed by satellites. This requires determination of the response of aerosol dry mass to the widely variable influence of ambient humidity and its optical contribution to column AOD. During the INTEX-North America aircraft campaign, we obtained 72 profiles of visible aerosol light scattering up to 10 km and its response to water uptake. The ambient AODs determined from these measurements, and confirmed for 3 profiles near surface AERONET, were generally below 0.4 except in the presence of a humid boundary layer with high aerosol loading. The fraction of ambient AOD due to water uptake, Wf, was found to be 37 ± 15% (average and standard deviation). Boundary layer PM2.5 was estimated (PM2.5 proxy ) from low altitude size distributions measured from the aircraft. Despite the large variety of vertical aerosol structure, the ambient AOD was found correlated with the PM2.5 proxy with R 2 = 0.77, after 4% of data with AOD > 0.8 for >90% RH were removed. Our results support the application of remote sensing to retrievals of surface PM 2.5 mass. The wavelength dependence of ambient AOD was found to be less effective in stratifying the mass vs. extinction relationship on the column integral basis than on a layer by layer basis.
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Introduction
If surface PM2.5 measurements are shown to relate strongly to radiance or AOD, there is potential for using satellites to infer PM2.5 with high resolution over regions not monitored with ground PM2.5 networks. Liu et al. [2004] and Liu et al. [2005] parameterized surface PM2.5 using satellite and model products and achieved moderate correlations with surface measurements on a seasonal average (not concurrent measurement) basis. Dubovik and King [Dubovik and King, 2000] and Kaufman et al. translate radiance and its wavelength dependence measured with sun photometers and the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite into aerosol size distribution. Gasso and Hegg [2003] link the satellite products to column-integral (not near-surface) aerosol mass, and compared with measurements made with sizing instruments aboard aircraft. While various closure experiments in the past decade focused on validating surface AOD vs. satellite AOD measurements Chu et al., 2003; Ichoku et al., 2003; Remer et al., 2002] , limited in-situ data is available for comparison of surface PM 2.5 with satellite radiances [Wang and Christopher, 2003] .
In translating remotely sensed column optical properties into dry aerosol mass, relative humidity (RH) needs to be considered. Hygroscopic aerosol components respond to increasing RH by growing in size and scattering more light [Howell et al., 2006; Malm, 1994; Tang and Munkelwitz, 1991] . Both aerosol models and remote sensing attempt to account for these humidification effects though using different input variables and methods. In-situ observations can provide means to identify how well models compute ambient AOD given dry aerosol size distributions, water uptake and ambient RH and, as demonstrated by Gasso and Hegg [2003] , how accurately remotely sensed ambient AOD can be translated into dry AOD and mass.
The goal of this paper is to examine AOD response to water uptake and its relationship to PM2.5 by taking advantage of aircraft profiles over extensive regions of North America. The AOD is calculated at the ambient RH conditions for 72 profiles made during descents and ascents, using scattering coefficients measured under both low and near-ambient RH. Results are compared with independent ground measurements when possible. A PM2.5 proxy for dry aerosols is calculated from size distributions measured at 500 ± 200 m. To stratify 107  108  109   110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151 the resulting AOD vs. PM2.5 proxy relationship, we also calculate the relative contributions from different altitudes and those from the aqueous component to the AOD.
Measurements and Instrumentation
We collected data during the Intercontinental Chemical Transport Experiment -North America (INTEX-NA) experiment, a major NASA science campaign to understand the transport and transformation of gases and aerosols on transcontinental and intercontinental scales and their impact on air quality and climate. The NASA DC-8 research aircraft was deployed mostly over the eastern half of the continental US and the Atlantic Ocean off the US East Coast from July 1 to August 15, 2004 as described in Singh et al., [Singh, 2006] . Aerosols were conveyed to the aerosol instrumentation aboard the DC-8 aircraft using the University of Hawaii solid diffuser inlet. This inlet and sample plumbing has recently been shown to pass aerosol with dry aerodynamic diameter of 4.8 μm with better than 50% efficiency [M c Naughton et al., 2007] .
Total and submicrometer aerosol scattering coefficients were measured using two TSI model 3563 3-wavelength integrating nephelometers [Anderson et al., 1996b; Heintzenberg and Charlson, 1996] . The submicrometer TSI nephelometer employed a 1-μm aerodynamic impactor maintained at 30 lpm by an Alicat Scientific volumetric flow controller. Sample air residence time inside the nephelometers was about 10 seconds, and the instrument relative humidity (RH) usually lower than 30%.
Two single-wavelength (near 540 nm) Radiance Research model M903 nephelometers were operated in parallel, one at 80% (RH 1 ) and the other at <40% (RH 2 ) to provide RH sensitivity of aerosol scattering [Howell et al., 2006] . The wet to dry scattering ratio, f(RH), was averaged for 60 seconds and used to calculate γ based on Eqn. 1.
Eqn. 1: f(RH) = ((1-RH 1 /100) / (1-RH 2 /100)) -γ γ characterizes scattering response that is determined by the aerosol chemistry, mixing state, sizes and refractive index. These are primarily determined by source type and location as well as transport and scavenging processes, and not directly related to ambient RH. Using the calculated γ, we can calculate f(RH) for the ambient RH, or f(ambRH), by replacing RH 1 and RH 2 with the measured ambient RH and the TSI nephelometer (<40%) RH , respectively. The resulting f(ambRH), when multiplied to the total dry scattering coefficient measured with the TSI nephelometer at 550 nm, gives the scattering coefficient under the ambient RH.
A prototype 3-wavelength Radiance Research particle soot absorption photometer was provided by Dr. David Covert (University of Washington) to measure aerosol light absorption at 470, 530, 660 nm. The absorption coefficients are based upon calibration for this new instrument reported elsewhere [Virkkula, 2005] , but some recent indications suggest result may differ from the true absorption by about 20%. In the present study the absorption at 530 nm is used to relate the scattering coefficient to extinction. Because the absorption rarely exceeded 10% of extinction integrated over vertical profiles, the measurement uncertainty results in a 2% or less error in estimated aerosol optical depth. 152  153  154  155  156  157  158  159   160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189 190 191 192 193 194 195 An optical particle counter (OPC, a modified LAS-X, Particle Measurement Systems, Boulder, Colorado) measured the dry (RH < 30%) aerosol size distribution between 0.1 μm and about 10 μm [Clarke, 1991] . The particle size was calibrated with polystyrene latex spheres whose refractive index is 1.59. The data was obtained every 3 seconds, but averaged over 30 -60 seconds to reduce error due to low counting statistics at about 1 μm or larger. The He-Ne laser operates at 633 nm detecting light scattered by individual particles over 35 -145 degrees. Since the OPC measures optically, it is well suited to modeling aerosol optical properties.
OPC Validation
In this study the dry size distribution measured with the OPC is used to model the ambient response of scattering to water uptake as well as to estimate the dry aerosol mass. It is evaluated here against the concurrent dry nephelometer measurements. The uncertainty in the derived volume is also considered.
Scattering coefficient at 550 nm was calculated using Mie theory from the OPC distribution for the TSI nephelometer detection angle (7 o -170 o ). For comparison with the submicron scattering coefficient, we used the size distribution up to 0.75 μm [McMurry et al., 2002] . Figure 1 shows 30-45 second averages of derived scattering coefficients for all horizontal flight legs during INTEX-NA. The calculated scattering coefficients over both size ranges are within 10% of the measured scattering values with correlation coefficients of 0.95. The submicron agreement is better than the total that suffers poorer coarse particle counting statistics. The intercept of 0.39 Mm -1 is reasonable, because it is comparable to TSI nephelometer noise level for a 30-second average (~0.3 Mm -1 ) [Anderson et al., 1996a] . Uncertainties in sample flow rate (~3%) and refractive index may contribute to the nonideality too.
OPC particle sizing is sensitive to the refractive index, n, of the sampled particles [Pinnick et al., 2000] . Silica test particles (n = 1.45 -1.46) with diameters 0.73 μm and 1.58 μm appear at sizes 0.63 μm and 1.25 μm, respectively for the PSL-calibrated (n = 1.59) OPC, showing similar degrees of sensitivity to that demonstrated in a previous study with oleic acid (n = 1.46) particles [Hand and Kreidenweis, 2002] . The 13 -20% diameter underestimate, or 35 -50% volume underestimate for the silica spheres constitutes an upper bound of error estimate. The DC-8 sampled a wide variety of natural and anthropogenic aerosol types including urban/industrial pollution and biomass burning from Alaskan/Canadian forest fires during INTEX-NA. The mass was generally dominated by sulfates and organic carbon [Clarke et al., 2007] such that the real part of refractive index is likely to lie between the PSL and silica. Therefore, the OPC derived volume may underestimate the actual by about 20%. Apart from this possible bias in estimated mass, the high correlation with the independent direct measurement demonstrates the OPC's consistent performance throughout the experiment. This assures that our data set captures variation in the aerosol mass to extinction ratio with aerosol properties and meteorological conditions.
Wavelength Dependence of Ambient Scattering Coefficient
Aerosol number and size, from which mass may be derived, cannot be uniquely determined by light reflectance measured at one wavelength alone. wavelengths in order to provide additional constraints. We wish to establish the ambient aerosol multi-wavelength optical properties from the aircraft data in order to assess the satellite capability in estimating the aerosol mass from spectral radiances. The first step is to estimate the wavelength dependence of ambient scattering coefficient at various altitudes. The wavelength dependence is usually expressed as Ångström exponent (Å = -dlog(σ)/dlog(λ), where σ is the scattering, and λ, the wavelength). Å is often near 1-2 for small particles (e.g. fresh pollution under dry conditions) and near 0 for large particles (e.g. mineral dust or sea salt).
Although dry scattering was measured at three wavelengths aboard the aircraft, the scattering at higher RH was measured at a single wavelength (near 540 nm) to get f(ambRH). The ambient Ångström exponent, Å amb , was not measured. Instead, we modeled this wavelength dependence using the measured dry size distribution and f(ambRH), as described below. The result helps to reconstruct the column AOD at multiple wavelengths (Section 5.2) and is evaluated against independent ground measurements (Section 5.3).
In order to model humidity growth, aerosol diameters were increased by the aerosol growth factor, g (RH) , that ranges from 1 to 2 with an increment of 0.01. Subsequently, we used Mie theory and a volume-weighted average of the dry aerosol refractive index (1.59) and the refractive index of water (1.33) to compute ambient aerosol optical properties at three wavelengths for each OPC distribution. These were averaged for 30 -45 seconds during the horizontal flight legs. The ratio of the scattering coefficients calculated from each OPC distribution to the dry value yielded f(RH). Figure 2 compares the Ångström exponent between the humidified (i.e., simulated) and dry (i.e., measured) aerosols. As expected, data points lie near the 1:1 line for low f(RH) values. Larger f(RH) values reduce Å from the dry conditions. This reduction in Å is most pronounced when Å dry takes large values. The dependency of scattering upon wavelength and size is consistent with Mie theory. An undesirable consequence is that Å amb is less sensitive than Å dry to the dry aerosol size distribution, weakening satellite's ability to employ wavelength dependencies to derive dry aerosol mass. Here we simulate Å amb calculated from our measured f(ambRH) (adjusted to the ambient RH using Eqn. 1) and Å dry . A regression line for any simulated f(RH) value passes through the dry and ambient Ångström exponent coordinates of (0.4, 0.4). As a result, the simulation result was approximated with a polynomial fit.
Eqn. 2: Å amb = (-0.022 * f(RH) 3 + 0.16 * f(RH) 2 -0.47 * f(RH) + 1.3) * (Å dry -0.4) + 0.4 The Å amb calculated with this equation is correlated with the simulated Å amb with a slope of 0.99 and an R 2 > 0.99. This result is not sensitive to the choice of refractive index. For distributions with small or large Ångström exponents, reducing the refractive index from 1.59 to 1.51 -0.01i results in just a 1% larger Å amb even for f(RH) as large as 3.
Vertical Profiles and Aerosol Optical Depth
Our goal is to examine the variation of column integral optical properties over the continental US, the influence of water uptake upon them and their relationship to the effective dry aerosol mass concentration (PM2.5 proxy ) measured in the boundary layer. We will relate these to two satellite products, column AOD and its wavelength dependence. The latter are 241  242  243   244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284 established below using the ambient scattering coefficients derived on a layer basis in the previous section. Where available the results are compared to ground-based observations to check the overall consistency of this approach.
Vertical profiles
For the column AOD calculation we selected 72 aircraft ascending and descending profiles that spanned at least between 500 and 5000 m, some including portions of horizontal inprogress flight legs. We exclude several profiles where 1) more than 20% of the optical depth is due to aerosols at altitudes above the aircraft altitude according to the LIDAR data or 2) when profiles included data more than 200 km away from the lowest altitude. Shown in Figure 3 are four examples of the profiles. The ambient scattering coefficient at 550 nm is given as the product of dry scattering coefficient and f(ambRH) adjusted with the Eqn. 1 for the ambient RH. a)
July 1, 23:02 -23:43 UTC ( Figure 3a ) over the Central Valley of California, the winds were northwesterly up to 2 km and southerly 3 -5 km. The ambient RH varied between 40 -60%. Back trajectory analysis [Fuelberg et al., 2006] indicates that the air above 5 km had traveled in the free troposphere over the Pacific Ocean for one week, keeping the aerosol concentration low.
b)
July 20, 18:09 -18:37 UTC ( Figure 3b ) over Illinois, the boundary layer and free troposphere were separated by a strong inversion. A trough over the East Coast and a strong ridge over the Rocky Mountains produced northwesterly winds in the free troposphere. The back trajectories show that the air had traveled over the Pacific Ocean and Canada without nearing the surface for a week prior. The aged boundary layer air up to 2900 m trapped local pollutants, and the very high RH (75 -98%) grew them to scatter effectively. The measured aerosol number counts did not rise, confirming that possible droplet shatter of clouds at the inlet did not increase the scattering coefficient.
c)
July 20, 21:59 -22:13 UTC ( Figure 3c ) over New Hampshire, the planetary boundary layer was not distinct from the free troposphere. Westerly/northwesterly winds from Pacific Ocean through Canada and Great Lakes prevailed over the free troposphere. A humid shallow boundary layer below 200 m embedded in southerly winds from the US East Coast accounts for moderate aerosol scattering near the surface. d) Figure 3d shows a special case where a thick plume of biomass burning aerosol resided in the upper troposphere (7 -10 km) on July 18, 18:10 -19:09. The mid-troposphere and boundary layer were influenced by westerly winds traveled over Great Lakes and slow flow from Northwest Canada, respectively. This air mass experienced limited dilution due to swift transport from its origin at the surface over Alaska several days prior.
Most of the observed profiles had similar structures to either one of the first three cases where local pollution is trapped in the boundary layer while the free troposphere contains aerosols transported long-range from other sources. The enhanced upper troposphere plume 285  286   287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329 shown in the last panel is not representative of profiles observed on other days during the experiment.
AOD estimate and uncertainty
Most satellites generate column aerosol products such as AOD. Consequently, the first step in the analysis was to characterize the column AOD for the 72 INTEX-A profiles. The AOD at 550 nm is dominated by the vertical integral of the ambient scattering coefficient derived from the nephelometer measurements, such as those shown in Figure 3 . The scattering coefficients at 440 and 675 nm were simulated using the ambient Ångström exponent calculation in Section 4. The final AOD profiles account for light attenuation due to absorption based on the assumption that the measured absorption coefficient applies to ambient conditions [Nessler et al., 2005] . Occasionally, we interpolated over layers without aircraft measurements. For the altitudes with no absorption measurement, we assumed the experiment-wide average single scattering albedo (SSA), which decreased from 0.96 near the surface to 0.88 at 6 km at 550 nm.
The AOD contributed by the altitudes lower than the lowest aircraft altitude (500 m or lower) was assumed to be equal to that of the layer of the same thickness immediately above it multiplied by a pressure adjustment factor. The factor accounts for the atmospheric pressure gradient with altitude and ranged between 1 and 1.06. Because pollution sources are at the surface, the scattering coefficient can be higher than this well mixed assumption as you approach the surface (see Figure 3c for example). Hence in a poorly mixed near-surface layer, this assumption may bias the estimated AOD toward low values.
The extinction coefficient due to the aerosols in the troposphere above the highest altitude flown by the DC-8 (>5 km to 10 km) was assumed to be the experiment-wide mean of 2.7, 2.0, 1.6 Mm -1 at 450, 550 and 700 nm, respectively. We also assume here that the lowest 5% of AOD values measured by the J31 between 5 and 7.5 km reflect a clean upper troposphere and are representative of stratospheric AOD. This stratospheric AOD was identified to be 0.014, 0.0077 and 0.0053 at 440, 550 and 675 nm, respectively. These values were estimated using differential AOD measured from the J31 aircraft [Russell et al., 2006] during the INTEX-A over the US East Coast. This stratospheric AOD accounts for 20% or less of the total ambient AOD for most profiles.
Unusually low or high AOD values were excluded by focusing on the center two thirds of our observations. Uncertainty in the estimated ambient column AOD ranges over 16 -46% for this data, with a median value of 23%. It originates primarily from the f(RH) measurement and the contribution from near-surface layer. The scattering increase from the dry to ambient RH conditions is subject to the errors in γ and ambient RH measurements. Assuming a 4% uncertainty in the RH measurement and 5% in the Radiance Research nephelometer scattering measurement, Eqn 1 provides γ to an accuracy of <14% for this data. This translates into <15% uncertainty in f(RH). Doubling and halving the estimated extinction in the near-surface layer below the minimum aircraft altitude results in median ambient AOD changes by +12% and -6%, respectively.
Minor sources of error include the dry scattering measurement noise (<1 Mm -1 ), compensated for when integrated over the altitudes), the truncation correction (~4% for noimpactor-cut samples, less for submicron [Anderson and Ogren, 1998 ]), absorption (2%, discussed in Section 2) and the aerosol AOD in the upper troposphere (in the order of 0.01). 330  331  332  333  334   335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373 5.3 AERONET comparison Profiles over AERONET sites ] provided an opportunity to evaluate our calculated column AOD. The estimated AOD is compared here with AERONET level 2.0 data that has been pre and post field calibrated, automatically cloud cleared and manually inspected. Three of the INTEX-NA vertical profiles met our selection criteria that the aircraft at its lowest altitude was located within 100 km of the AERONET site and that the AERONET site was under clear sky within 4 hours (equivalent to 100 km at a wind speed of 7 m/s) of the aircraft/AERONET measurements being compared. These large spatial and temporal differences make the comparison less precise than coordinated aircraft spiral ascents/descents over the ground sites. However, the comparison is valuable in demonstrating the general consistency in our estimate of AOD and its wavelength dependency.
The ambient AOD shows reasonable agreement with AERONET AOD data for the 3 vertical profiles (Figure 4 ). The horizontal bars indicate one standard deviation of the AERONET 15-minute-average AOD within ± 4 hours of the aircraft overpass. In order to assign a measure of variance to the aircraft AOD profile, we assume the variance in AOD is similar to that evident in the vertical integral of the lidar backscatter taken within 100km of the AERONET site. The product of this coefficient of variance and the AOD from the profile provides an estimate of aircraft AOD variance for all wavelengths. The vertical bars in Figure 4 indicate this spatial and temporal variance as well as the measurement uncertainty.
The poorest agreement between calculated and observed ambient AOD occurs for the lowest AOD values which were measured at the Fresno California AERONET site (36.8 o N, 119.8 o W) on July 1, 23:02 -23:43 UTC (Figure 3a) . Cirrus clouds may have been present near 10700 m in the vicinity of the ground site. The aircraft data shows that, while the scattering coefficient at this altitude remained below the detection limit, the ambient RH exceeded 95%. The highest AOD was measured at the Bondville, Illinois AERONET site at (40.1 o N, 88.4 o W) on July 20, 18:09 -18:37 UTC (Figure 3b) . The lidar found a high spatial variability of aerosol scattering, resulting in the long vertical error bar. The variance estimates from the AERONET data (horizontal bars) indicate that clouds did not affect the measurements or were effectively removed. This profile with the highest f(ambRH) value highlights the application of our Ångström exponent modeling. If we ignore the wavelength dependence of f(ambRH) for this high humidity case, the calculated AOD deviates from the best estimate by +0.03 (+5%) at 440 nm and -0.02 (-7%) at 675 nm (triangles in Figure 4 ). Incorporating the wavelength dependence of f(ambRH) into the ambient AOD calculation results in only marginally better agreement with the AERONET direct measurements. 374  375  376  377  378  379  380  381  382   383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418 These comparisons do not represent "closure" studies. However, the agreement demonstrates the general validity of our approach for obtaining ambient AOD and its wavelength dependency. Where concurrent airborne and ground based measurements of column AOD can be more effectively compared over appropriate spatial and temporal scales, we expect that differences would be smaller than those presented here and mainly reflect non-ideal instrument behavior and uncertainties in the aerosol properties such as size distribution, refractive index, and hygroscopicity. We note that even deliberate in-situ closure profiles for AOD evaluations are expected to yield calculated AOD uncertainties on the order of 15-20% [Redemann et al., 2003] .
6 Mass estimate and local mass scattering efficiency Here we estimate aerosol density and PM2.5 mass in the boundary layer. The aerosol mass and extinction is linked in the local domain, before extending our scope to the vertical column in next section.
Aerosols in the boundary layer were predominantly of urban origin. Biomass burning events identified using measured gas concentrations were mostly found in the free troposphere [Clarke et al., 2007] , with limited influence on the mass-scattering relationship in the boundary layer. Also, we do not find any air mass where aerosol sizes up to 2.5 μm were dominated by dust.
The limited contribution of biomass burning and dust plumes relative to regional pollution justifies the use of a single density value for the size distributions in the boundary layer in our selected vertical profiles. Previous DMA measurements made for urban aerosols in Atlanta resulted in a density range of 1.54 -1.77 g/cm 3 [McMurry et al., 2002] . The variability of this density estimate is less than +-10%. We use a value of 1.7 g/cm 3 and estimate an uncertainty associated with the choice of density at 15% considering that Atlanta may not represent the US nation-wide urban pollution. Clarke et al., [2007] estimated mass of ions, organic compounds and black carbon using chemical mass and size distribution measurements during INTEX-NA. Their density for most of the urban pollution samples falls in 1.5 -1.7 g/cm 3 , to further support our choice of density in the present paper. We do not estimate the aerosol mass of biomass burning or dust in the troposphere, or column integral mass.
PM2.5 mass was approximated by this density times the integral over 0.1 -1.9 μm of OPC volume distribution taken at 500 ± 200 m above sea level (PM2.5 proxy ). This upper size cut roughly corresponds to an aerodynamic diameter upper limit to 2.5 μm for the assumed particle density. The volume integral is weakly sensitive to the upper cut size unless there is a large relative volume in the coarse mode. Cut at 2.4 μm instead, the volume is higher only by a maximum of 3% for 95% of the samples. The largest particles can also suffer from inertial collision into the inner wall of inlet, resulting in undercounting. However, the loss is considered negligible for aerodynamic sizes of 2.5 μm and below [McNaughton et al., in press, Aerosol Science and Technology, 2006] . The particle size measured with the OPC is sensitive to the refractive index, which may result in a mass underestimate of about 20% (Section 3). The 15% uncertainty in density discussed above brings the overall PM2.5 proxy uncertain range to -15% and +25% (lower and upper limits). Furthermore, we emphasize that size distributions measured at our lowest altitudes of 500 ± 200 m may not reflect surface concentrations when strong near surface gradients exist. Despite these limitations, the estimated PM2 .5   419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458   459   460  461  462  463 proxy remains useful in estimating correlation between the dry aerosol mass and the column optical properties as well as in sorting their relationship with relative humidity and wavelength dependence of light extinction.
The regression between the measured aerosol volume and scattering at an altitude of 500 m yielded the expression Dry Volume (μm 3 /cm 3 ) = 0.076 * Ambient Scattering Coefficient (Mm -1 ) + 1.8, and gives a root square mean volume difference of 1.8 μm 3 /cm 3 while the volume ranged between 0 and 20 μm 3 /cm 3 . The R 2 is 0.86 for all cases under ambient RH of 90% or lower. This robust relationship is consistent with the observation that aerosols in the boundary layer were predominantly of urban origin.
The ambient scattering coefficient per dry PM2.5 mass is 5.0 ± 2.2 m 2 /g (mean and one standard deviation), and the ambient extinction per dry PM2.5 mass centers at 5.3 m 2 /g. The dry scattering per dry PM2.5 is 3.6 ± 1.3 m 2 /g. Mass scattering and extinction efficiencies (MSE and MEE, respectively) for total aerosols (not truncated at 2.5 μm aerodynamic) are expected to be slightly lower than these values, but are not available owing to the lack of a reliable measurement of coarse mode size distribution and total mass.
Our submicron MEE estimated at 55% RH for our dry OPC volume is 4.6 ± 1.4 m 2 /g in the boundary layer, and close to previous ship measurement for North America's boundary layer aerosol of about 3.7 ± 1.3 m 2 /g at 55% RH . Even closer agreement was found for this parameter between our optical techniques and the latter for the INDOEX data [Clarke et al., 2002] . The possible volume underestimate of about 20% mentioned earlier in Section 3 would only improve the overlap between these values. The submicron MEE is the scattering coefficient measured behind an impactor with a 50% cut size of 1 μm aerodynamic, adjusted to an RH of 55% using the measured total f(RH), increased by the dry submicron absorption coefficient and divided by the dry OPC aerosol volume integral up to 0.75 μm (equivalent to 1 μm aerodynamic) and a density of 1.7 g/cm 3 . And this falls into the range of submicron MEE for non-sea-salt sulfate aerosols (2.9 -5.3 m 2 /g) and particulate organic matter (4.4 -7.6 m 2 /g), observed over Indian and Atlantic Oceans by Quinn et al. [2002] .
A similar variance is associated with the dry submicron MEE computed for a refractive index of 1.59 from our OPC size distribution instead of the nephelometer measurement: 4.1 ± 1.3 m 2 /g. This is a result of moderate variation in the shape of size distribution. The effective diameter (volume/area*6) of the total distribution (including coarse mode) varied between 0.26 and 0.57 μm for the center two thirds of our data.
Discussions

Altitude of 80% AOD Contribution
Because both water vapor and aerosols originate at the planetary surface we expect higher ambient scattering coefficient at the surface and within the planetary boundary layer than in the free troposphere. This has been shown to be the case in clean marine conditions [Shinozuka et al., 2004] . However, wet and dry convective events can inject both gas phase secondary aerosol precursors (e.g., SO   464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507 2 ) and primary aerosols (e.g., soot, biomass smoke) into the free troposphere especially during summer in North America. These high scattering layers are often only hundreds of meters thick but are hundreds of kilometers in horizontal extent, and difficult to observe from satellites or to predict using chemical transport models.
In order to evaluate the range of altitudes that dominate AOD over North America we identify the altitude below which column extinction accounts for 80% of the total column AOD. This is plotted as a histogram in Figure 5a for all INTEX-A profiles, and is shown as plus signs on the vertical axis of the profiles in Figure 3 . Its uncertainty is mostly driven by the f(RH) error (discussed in section 5.2) and has a median of -24% and +48% for positive and negative f(RH) excursion, respectively. A smaller (~5%) uncertainty results from the lack of measurements below 500 m. Of the 72 profiles, 38 (53%) have more than 80% of the total column AOD below 3000 m, and 53 (74%) below 5000 m. This is usually due to natural and anthropogenic aerosols generated and trapped within the boundary layer as shown in Figures 3b and 3c . We note that in a few cases, pollution from remote sources may have subsided into boundary layer after being transported in the free troposphere [Clarke et al, 2007] . Figure 3a is a variant of this type. In this case, pollution in the boundary layer (<2.0 km) led to moderate scattering coefficients, but relative humidity was low. Air transported from the south in the free troposphere below 5 km was also influenced by anthropogenic aerosols at moderate (50%) relative humidity. This led to an 80% AOD altitude of 3.6 km illustrating the importance not only of high aerosol loading but the influence of relative humidity on AOD. AOD larger than 0.4 were generally associated with high scattering near the surface up to 2.5 km (Figure 5b ) primarily due to high aerosol loading and RH.
There are three exceptions to these general features, all of which occurred on July 22. During this flight total aerosol scattering reached values as high as 300 Mm -1 in biomass burning plumes near 4 km. Even in these cases, the boundary layer contributed most of the AOD. These biomass burning plumes were dry (~20% RH) and contributed little more than 20% of the total column ambient AOD. The dry scattering values were near 100 Mm -1 in the boundary layer, but due to high RH the ambient scattering exceeded ~200 Mm -1 accounting for almost 80% of the total column AOD.
Layers with elevated scattering values were observed occasionally at high altitudes on other days but did not result in a large column AOD enhancement. On July 18 (Figure 3d ), the biomass plume from Alaskan/Canadian forest fires traveled across the continent to the northeastern Canada, and exhibited a fractional AOD of 0.26 between 7 and 10 km over an otherwise clean marine column (AOD up to 7 km was 0.06). The water uptake was negligible in the dry (ambient RH near 30%) layer thus the column AOD was driven solely by the high aerosol loading aloft. The July 18 and 22 profiles are exceptional but forest fire plumes were not randomly sampled as flights were directed to their location in order to study them. 508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553 7.2 AOD and its water fraction over the continental US Here we describe general features of AOD observed over the US mainland, and discuss its variation in terms of the two most important factors, hygroscopicity (related to chemical components) and ambient RH (driven by meteorology) for the given dry aerosol concentration (related to PM 2.5). This assessment is expected to provide input to regional aerosol models that compute the optical properties such as ambient AOD, and to assess remote sensing capability in estimating dry AOD and PM 2.5. The AOD variation is discussed again in Section 7.4 in relation with the boundary layer aerosol mass.
Ambient AOD estimated for the vertical profiles (Section 5.2) are plotted over the continental US map for all times during the experiment in the summer of 2004 (Figure 6a ). Red bars illustrate the dry aerosol scattering integrated over the altitudes (dry AOD) without applying humidity growth rate. The difference (blue bars) indicates the AOD attributed to water uptake. We define the water fraction of AOD, Wf, as Eqn. 3: Wf = 1 -(dry AOD / ambient AOD) The frequency of dry and ambient AOD and Wf are shown in Figure 6b . Note that individual profiles in the figure are not statistically representative of a specific area, season, meteorology or any other conditions. Local weather alone exposes aerosols to a variety of mixing, transport and humidity conditions that may result in higher variance in AOD and Wf than what the experiment experienced.
AOD is 0.3 or lower for most cases, and are generally lower over the ocean than over the land, primarily due to airmass type and proximity to sources. However, the air over the ocean off the northeastern Canada and further east was affected by some pollutants which were brought by southwesterly winds from New England and other areas. In contrast, south of about 40 o N and away from the land we only encountered small AOD. Two of these profiles sampled outflow that had passed over Pennsylvania. The ambient scattering coefficient was moderate near 50 Mm -1 in 1 -2 km, but dropped to ~20 Mm -1 at lower altitudes. This suggests that pollutants from the land had been scavenged in the boundary layer or lifted up over cleaner and cooler air. In the other two profiles, the air had circulated over the ocean for at least a week prior to the measurement at all levels, and carried few pollutants.
The AOD over land does not show a clear trend with reference to location, because aerosol sources are closer and transport patterns are more complex than over the ocean (Section 5.1). In one profile (the tallest bar in Figure 6a ; omitted in Figure 6b ) the ambient AOD was 1.4 due in part to high ambient RH (>90%). Under different wind and humidity patterns the AOD is often lower than 0.1 in this vicinity.
The water fraction varied widely. The high elevation forest fire aerosols over northeast Canada (Figure 3d ), for example, were weakly hygroscopic with little water contribution to AOD (12%), as is indicated by the almost completely red bar located at the far right. The estimated Wf is a function of γ and ambient RH. These two parameters could positively correlate with each other, if, for example, aerosols had been dominated by sea-salt (hygroscopic particles often found in humid air) or dust (hydrophobic particles often found in 554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599 dry air). For an analysis later it is important to realize that these two factors were found independent for the INTEX-NA data.
One way to demonstrate the relative importance of ambient RH vs. physiochemistry (γ) to the ambient AOD is to simulate the ambient AOD with a fixed ambient RH (say at 80%). The result (Figure 7a ) illustrates how much AOD variation is driven by that of γ independent of ambient RH variation. The unusually high ambient AOD case in Figure 6 shows a reduced but still large percentage due to water. Wf (Figure 7b ) takes a narrower range of values, 0.46 ± 0.11 (mean and one standard deviation) at 80% RH, than the same parameter simulated with the observed RH (Wf = 0.37 ± 0.15, Figure 6b ). Wf simulated for other fixed ambient RH values shows similarly narrower distributions (Figure 8) . These express the degree by which knowing ambient RH can improve estimates of dry-ambient AOD. There are differences in Wf among the profiles for a given RH. Realistic values of hygroscopicity (determined primarily by chemistry and size distribution) are essential in modeling the ambient AOD and in retrieving dry AOD to 10% or better.
7.3
Model and satellite retrieval accuracies So far we have used the measured aerosol dry scattering, its humidity response and the ambient RH to establish ambient AOD. Below, the ambient AOD is recalculated with reasonable uncertainties in the input variables. We claim that the ambient AOD sensitivity revealed from this test can be scaled with error associated with input of γ in regional aerosol models. Satellite retrieval of aerosol water fraction and PM2.5 may suffer a similar limitation.
Values of γ are rarely available, particularly due to the poorly known influences from organic carbon (OC) fractions . Clarke et al. [2007] found γ to vary by ± 0.1 or less for a given OC fraction. We assume here, for the sake of a sensitivity test, that the regional aerosol models can generate γ values to ± 0.1 provided they resolve the OC fraction. An increase in γ (Δ γ) by 0.1 in Eqn. 1 results in a 3 -21% (median 9%) increase in the ambient AOD (ΔAOD) depending on the vertical profile considered and the associated ambient RH (dots in Figure 9 ). If Δ γ remains near or within ± 0.1, Δ γ and Δ AOD are almost linearly correlated with each other. Similarly, an increase from the observed ambient RH by 5 and 10 percentage points (without any variation in γ imposed) results in an increase in the median ambient AOD of 11% (not shown) and 26% (circles), respectively.
The error in the ambient RH and γ need to be minimized for a model to maintain an uncertainty in the ambient AOD similar to that claimed in the MODIS AOD observation over land (± 0.05 ± 0.15 * AOD [Remer et al., 2005] ). Using a simulation with ambient RH increased by 10 percentage points for the measured γ, about two thirds of the 72 profiles lie within the uncertainty in the MODIS best estimate of AOD over land. If the model γ is overestimated by 0.1, then the column effective ambient RH has to be known to ~6 percentage points (squares in Figure 9 ) in order to maintain similar uncertainties. Downward bias in the input variables is less critical: Even if γ and RH are underestimated by 0.3 and 20%, respectively, most data, those with small AOD in particular, remains within the MODIS uncertainty . 600  601  602  603  604  605  606  607  608  609  610  611  612  613  614   615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644 For remote sensing, the length of the vertical bars in Figure 8 provides the expected ranges of uncertainty in translating ambient AOD into dry AOD without using a spectral dependence: These are 15% of the ambient AOD, or 6 -13% when the RH is known. Using multiple wavelength remote sensing does not help to constrain either γ or water fraction. Figure 10 compares column γ with the Ångström exponent of the ambient AOD. The marker size is proportional to the ambient AOD at 550 nm to better identify measurements with a high signal to noise ratio. The July 18 data partially affected by the biomass burning plume (squares), for example, show a weakly positive correlation expected for the mixture of biomass burning and urban pollution (low to high change in Ångström exponent and hygroscopicity). However, the relationship between these two parameters is not well defined for the entire experiment. This holds true for a comparison between the water fraction and Ångström exponent (not shown) as well. The Ångström exponent takes a rather narrow range of values, while the various mixture of organic (not hygroscopic) and inorganic (many species of them being hygroscopic) material results in a wide variation in hygroscopicity.
7.4 PM2.5 proxy vs. AOD
As mentioned earlier, a relation demonstrated between column AOD and near surface integral dry mass, estimated from our integrated distributions (PM2.5 proxy ), would support use of remote sensing to assess PM2.5 remotely. Our boundary layer PM2.5 proxy and column AOD show a linear trend (Figure 11 ). The geometric mean regression is expressed as AOD = 0.019*PM2.5 proxy (μg/m 3 ) + 0.0022, with R 2 of 0.77 (R 2 = 0.60 including the outliers). The root mean square of AOD and mass differences from the regression line is 0.076 and 3.3 μg/m 3 , respectively. The R 2 is lowered from that for the actual mass-AOD correlation by the limited precision of the OPC measurement, evident in the scattering comparison with the nephelometer (see Section 3 and Figure 1 ). Also note that a part of the intercept reflects light attenuation due to particles that do not contribute to the boundary layer mass, such as the stratosphere's AOD (0.008). The error bars reflect the estimates made in Section 6 for PM2.5 proxy and in Section 5.2 for the ambient AOD. In particular, the possible 20% mass underestimate discussed in section 3 may lower the slope to 0.016. We emphasize that this regression is only applicable for summertime US. Application for different seasons or other regions remains to be demonstrated. This figure was made after removing three outliers where ambient AOD > 0.8. These outliers were observed near or above clouds. The air was stagnated in two of them, and flowing rapidly eastward in the other. The ambient RH was high (>90%), and the aerosols were hygroscopic, making these distinct from the other data points.
RH variability alone does not explain all of the remaining outliers. The high elevation biomass burning plume (Figure 3d ) manifests itself as a low PM2.5 proxy (1.7 μg/m 3 ) high AOD (0.33) case. Since most contribution to AOD was made at 7 km or higher, the AOD is least influenced by the boundary layer aerosol mass. Other profiles with high altitudes of 80% contribution are indicated with small dots in Figure 11 , and lie among the normal cases with low or moderate AOD. In practice, chemical transport models or satellites with vertical resolution (e.g., CALIPSO) could identify or exclude cases with high elevation plumes, and increase the predictability of the boundary layer PM2.5 mass. 645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671   672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689 Although there is a tendency for higher Ångström exponents to lie below the line in Figure  11 , this parameter helps to constrain the mass PM2.5 proxy to AOD ratio only to a limited extent. A smaller (< 1.5) ambient Ångström exponent is generally associated with a larger mass per AOD. Due to generally diverse aerosol types at different altitudes, this relationship is less evident over the column than on a layer by layer basis (not shown). Also, the humidification of aerosols makes the Ångström exponent less sensitive to changes in the size distribution, as was found in Section 4 and Figure 2 . Once expanded to a larger number of samples, this approach will give a guideline of the degree to which the use of spectral dependence differentiates the near-surface mass. It remains possible that, in combination with other observable parameters, the wavelength dependence may help improve the remote sensing resolution. However, this investigation using ambient RH, fine mode fraction and location failed to demonstrate this.
Our AOD-PM2.5 relationship overlaps, albeit with a greater slope of regression line, with that found by Wang and Christopher [2003] . They did the comparison on a daily basis with MODIS and ground PM2.5 data in Jefferson County, AL to find a slope of 0.014. Their results show considerably more scatter. This is expected because of their longer sampling time and because the present study compares the nephelometer derived optical depth with OPC derived volume, whereas their relationship is made with spatially averaged satellite and surface data. Our study also explicitly addresses the role of f(RH), as they suggested was needed. The inferred mass is better correlated with the optical properties in our data than it is in the real atmosphere, because we neglect the case by case variations in refractive index and density. The similar trends found by these two independent studies for different locations, timing, measurement techniques and averaging methods provide confidence in the results, and encourages the use of these approaches for inferring PM2.5.
Summary
During the INTEX-North America aircraft campaign, we generated vertical profiles of visible light scattering by dry aerosols and its response to water uptake, f(ambRH), over the troposphere. Urban/industrial pollutants and forest fire plumes were found at various altitudes depending on the air stability, winds and scavenging processes prior to the measurements. The f(RH) was measured at 550nm and its wavelength dependence simulated using the measured size distribution. Applying f(ambRH) values defined at 550 nm to other wavelengths could cause a 5 -7% error at 440 and 675 nm. The ambient AOD was estimated based on these measurements and simulation, and found consistent with the sunphotometer measurements from ground.
About 80% of the total column AOD was found to be below 3 km for 53% of the vertical profiles and below 5 km for 74%. Ambient AOD larger than 0.4 required both high aerosol loading and high RH, and were always found with high contribution from the surface layer up to 2.5 km. Over the US mainland, both the ambient RH and γ are important for determining the water contribution to AOD. Modeling the ambient AOD from dry aerosol size distributions to accuracy comparable to the MODIS AOD determination over land requires input of column effective ambient RH to be known within about 6 percentage points when γ is known to 0.1. Dry AOD inferred from remote sensing without knowledge of column effective RH has a typical error equivalent to 15% of the ambient AOD. This uncertainty is reduced to 6 -13% when the column effective ambient RH is known. The column Ångström exponent exhibited a relatively narrow range (mostly 1.3 -1.9), and did not show a trend with the hygroscopicity or the water fraction of ambient AOD, perhaps due to the wide variety of mixing between organic and inorganic material and the negligible concentrations of dust and sea salt. Hence, the wavelength dependence of radiances did not help us constrain evaluation of the dry AOD and mass over the continental US.
Our measured size distribution provided an estimate of boundary layer PM2.5 dry mass (PM2.5 proxy ) to a ~25% accuracy. Representative values of PM2.5 proxy were compared with column AOD for different aerosol profiles and column effective ambient RH. Ambient AOD correlated well with the boundary layer PM2.5 proxy (AOD = 0.019*PM2.5 proxy (μg/m 3 ) +0.0022, R 2 = 0.77) for 96% of the data in spite of the large variations in vertical aerosol structure. This supports the potential application of satellite derived AOD for the inference of near surface PM2.5. Removing high-ambient-RH (>90%) high-AOD (>0.8) cases appears more effective than use of the wavelength dependence of radiances to remotely sense PM2. 5. 863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905 Scattering coefficient derived from the OPC size distribution compared to the nephelometer direct measurement under dry conditions. The particle size ranges are 0.1 -20 μm (dot) and 0.1 -1 μm (square). Ambient Angstrom exponent simulated with the measured aerosol size distribution and sorted with scattering ratio, f(RH). When scattering coefficients are converted from dry conditions to ambient, the wavelength dependence is generally reduced, particularly for large f(RH) and dry Angstrom exponent values. The ambient AOD and boundary layer aerosol mass (PM2.5proxy) for the 72 vertical profiles. The regression line for all but 3 outliers (AOD>0.8) is AOD = 0.019*PM2.5proxy (μg/m3) +0.022, R2 = 0.77 (R2 = 0.60 including the outliers). Small dots indicate profiles with high altitude of 80% AOD contribution, and the color, ambient Angstrom exponent.
